Abstract: A range of 1,3-di(metallocenyl)allylium salts [Mc(CH)3Mc′] + [X] -{Mc, Mc′ ) ferrocenyl (Fc), 2,3,4,5,1′,2′,3′,4′-octamethylferrocen-1-yl (Fc′′), ruthenocenyl (Rc); X ) BF4, PF6} was synthesized by reaction of (2-lithiovinyl)metallocenes with formylmetallocenes, followed by treatment of the resulting alcohols with HX. Two salts with X ) BAr′4 {Ar′ ) 3,5-(CF3)2C6H3} were synthesized by anion metathesis from the corresponding PF6 salts. The crystal structure of [Fc′′(CH) indicates that the C-C stretching constant in the allylium chain and, therefore, the structure, of this ion are largely independent of the local environment, suggesting that the unsymmetrical structures observed in the crystal structures are not simply an artifact of packing. Differences in the solvatochromism of [Rc-(CH)3Rc] + and [Fc(CH)3Fc] + also suggest a localized structure for the former cation in solution. Electrochemistry, UV-visible-NIR spectroscopy, and DF calculations give insight into the electronic structure of the metallocene-terminated allylium cations. Using an analogy between polymethines and mixed-valence compounds, the difference between the behaviors of [Fc(CH)3Fc] + and [Rc(CH)3Rc] + is attributed to larger reorganization energy associated with the geometry differences between metallocene and [(η 6 -fulvene)-(η 5 -cyclopentadienyl)metal] structures in the ruthenium case.
Introduction
Typical polymethine cations or anions (cyanines) have C 2V -symmetric delocalized structures in which the C-C bond lengths are all approximately equal; the structure of a simple polymethine is well described as shown in Figure 1a; i.e., with equal contributions from two limiting resonance forms. However, it is predicted [1] [2] [3] that at sufficiently long chain lengths polymethines are subject to the Peierls distortion. 4 Where the end group can stabilize the overall charge, the structure of a Peierlsdistorted polymethine is unsymmetrical with a polyene-like bond-length alternation (BLA) between formally single and double bonds; it is now dominated by one of the two extreme resonance forms (Figure 1b ). Tolbert and Zhao reported the first experimental evidence for a localized polymethine; the com- Figure 1 . Representations of the structures of (a) a typical polymethine, (b) a Peierls-distorted polymethine, and (c) the Peierls-distorted polymethine reported by Tolbert and Zhao. 5 pound shown in Figure 1c was shown to be unsymmetrical by comparison of its IR and UV-visible-NIR spectra with those of symmetrical lower homologues. 5 The localization to an unsymmetrical structure can be understood by reference to mixed-valence chemistry; 5, 6 symmetrical and Peierls-distorted polymethines are analogous to Robin and Day 7 class III and class II systems, respectively. This paper is concerned with the effect of the end group on localization in polymethines. Work by Tolbert 3, 8, 9 has distinguished between organic polymethines where the end groups can stabilize the overall charge and those where they cannot. In the former case, the distortion localizes the charge on one end, as shown in Figure 1b . In the latter case, for example, in phenyl-terminated polymethine anions, the charge is centered in the middle of the chain, extending over approximately 15 carbon atoms in both directions. Similar differences in behavior between amino-terminated polyene/polymethine cations and phenyl-terminated polyene anions were predicted by Hush and co-workers. 2, 10 We were interested in whether the choice of charge-stabilizing end group could affect the chain length at which localization occurred, as might be anticipated from the previously mentioned analogy with mixed-valence chemistry. The classification of a mixed-valence species in the class I/II/ III spectrum is determined by the interplay of electronic coupling between the two alternative localized structures, V, and the vertical reorganization energy of Marcus theory, λ. 11, 12 Thus, increased λ should cause a polymethine to localize at shorter chain length. One contribution to λ is the energy required to invert the sense of the BLA of the localized polymethine chain, λ bla ; another is the energy required to interconvert the geometries of the charged and uncharged (e.g., H 2 N + ) vs H 2 N-) forms of the end groups, λ end . In the case of various organic donors or acceptors, and for many organometallic donors, this end group effect is limited to changing one or two bond lengths. The good conjugation between the end group and the polymethine chain leads to V sufficiently large to dominate until rather large chain length. The group 8 metallocenes might be expected to have somewhat different reorganization-energy characteristics. The resonance structure important in stabilizing carbocations R to metallocenes is considered to be the [(η 6 -fulvene)(η 5 -cyclopentadienyl)metal] cation (Figure 2a ). 13 These structures differ significantly in geometry from the neutral metallocenes, the exo C-C bond being distorted from the plane of the fulvene to allow interaction of the R-carbon with the metal atom. [14] [15] [16] [17] [18] We were interested to see whether these large structural differences would lead to a large λ end ; moreover, differences between iron and ruthenium systems offered the possibility of tuning λ end . Previous work on metallocene-terminated polymethines has been largely limited to ferrocene compounds, [Fc(CH) n Fc] + . The n ) 1 member, the bis(ferrocenyl)methylium ion, has been the subject of several studies, [19] [20] [21] [22] including a crystal structure determination showing an essentially symmetrical cation in the tetrafluoroborate. 23 The cations formed by hydride abstraction from the bridges of [1.1] ferrocenophanes (Figure 2b) 24 can be regarded as derivatives of [FcCHFc] + . The [Fc(CH) 3 Fc] + , 1 + , cation (Chart 1) has also been reported on several occasions, 22, [25] [26] [27] and the closely related cation shown in Figure 2c has been shown to be essentially symmetrical in the crystal structure of its tetrafluoroborate. 27 Tolbert and co-workers synthesized a series of [Fc(CH) n Fc] + [BF 4 ] -with n ) 1, 3, 5, 9, 13 and reported electrochemical data and the low-energy UV-visible-NIR absorption maxima. 22 We recently reported that the [Rc-(5) Tolbert, L. M.; Zhao, X. J. Am. Chem. Soc. 1997, 119, 3253-3258. (6) Chem. Phys. 1992 , 167, 101-109. (11) Hush, N. S. Chem. Phys. 1975 It should also be noted that class II-type behavior is also favored by introduction of formal asymmetry into the system; i.e., by making the two extreme structures unequal in energy. (13) 28 In this paper, we present evidence supporting an unsymmetrical structure for the 3 + cation in other salts and in solution and report a comparative structural, electrochemical, and spectroscopic study of symmetrical and unsymmetrical allylium (termethine) cations with ferrocenyl (Fc), 2,3,4,5,1′,2′,3′,4′-octamethylferrocen-1-yl (Fc′′) and ruthenocenyl (Rc) capping groups. The cations studied (1 + -5 + ), and their salts (1a-5a, 1b-3b, 5b, 1c, 3c), are defined in Chart 1.
Results and Discussion
Synthesis. A range of metallocene-terminated allylium [BF 4 ] -, [PF 6 ] -, and [BAr′ 4 ] -{Ar′ ) 3,5-bis(trifluoromethyl)-phenyl} salts (see Chart 1) was synthesized as shown in Scheme 1. The known compound 1-ferrocenyl-2-bromoethene 29 and its new octamethylferrocenyl and ruthenocenyl analogues were readily obtained from the Wittig reaction between the corresponding aldehydes and bromomethyltriphenylphosphonium bromide, 30 some elimination to the alkyne 31,32 being observed in the ruthenium case. Bromine-lithium exchange, followed by reaction with metallocenyl aldehydes, afforded 1,3-dimetallocenylprop-1-ene-3-ols. (E)-FcCHdCHCH(OH)Fc was previously synthesized from (E)-FcCHdCHC(O) Fc; [25] [26] [27] since it has been found to be unstable with respect to reoxidation to the ketone, 27 and since pure products are obtained from the crude alcohols in the next step, we used our alcohols without full purification and characterization. Pure tetrafluoroborate and hexafluophosphate salts of the 1,3-di(metallocenyl)allylium cations were obtained after treatment with the appropriate acid, followed by crystallization from dichloromethane layered with diethyl ether. 33 Two [BAr′ 4 ] -{Ar′ ) 3,5-(CF 3 ) 2 C 6 H 3 } salts, 1c and 3c, were synthesized using the metathesis reaction between the corresponding hexafluorophosphates and [Na] + [BAr′ 4 ] -. The salts were studied by X-ray crystallography, cyclic voltammetry, and by electronic, vibrational, and NMR spectroscopy Solid-State Structures. We have determined the crystal structures of 1b, 2b, 3b, and 3c, which contain symmetrically substituted allylium cations, as well as those of the formally unsymmetrical species 4a and 5b. Some important bond lengths and angles, defined in Figure 3 , are compared in Table 1 . Details of the structure determinations are given in Table 4 , the Experimental Section, and the Supporting Information.
The apparent bond lengths in the allylium bridge of 1b are affected by disorder. However, both ferrocenyl end groups appear to show comparable distortions from ideal ferrocene geometry; both the magnitude and slight asymmetry of these distortions are comparable with those found in the structures of [FcCHFc] + [BF 4 ] -23 and of the tetrafluoroborate salt of the cation shown in Figure 2c . 27 In both of these previous structures, and in that of a [1.1] ferrocenophane-based cation 24 ( Figure 2b ) the C-C bond lengths indicate symmetrical bridging groups. Thus, it seems likely that 1b is a typical, class III-like, polymethine. The 1 + cation adopts a syn conformation in the crystal of 1b (the cation shown in Figure 2c is also syn), with both iron atoms on the same face of the bridging ligand, giving the cation approximate C s symmetry.
The structure of the 2 + cation in 2b (Figure 4 ) is clearly delocalized (class III-like); the bond lengths in the allylium bridge are not affected by disorder and clearly indicate an absence of BLA. The two octamethylferrocenyl groups show similar distortions, less extensive than those in the recently reported nonamethylferrocenylmethylium cation, where values of 2.567(12) Å and 23°were found for the Fe-C R bond length and , respectively, in the crystal structure of its [BAr′ 4 ] -salt. 17 The distortions of the end groups are less marked than those in the structures of 1b and of previously reported di(ferrocenyl) cations, 23, 24, 27 presumably reflecting the role played by the electron-donating methyl groups in stabilizing the allylium cation, reducing the need for donation from the metal. The 2 + cation has approximate C 2 (rather than C s ) symmetry in the structure of 2b; i.e., it adopts an anti conformation in which the two metallocene moieties are twisted away from one another (as might be expected from steric considerations); in all the other structures, the two metallocenes are syn. Table 1 and used in discussing the crystal structures of the 1,3-di(metallocenyl)allylium cations. The unsymmetrical species 4a also adopts a delocalized structure ( Figure 5) ; the BLA of 0.023(9) Å is insignificant at the 3σ level. However, the data do show the octamethylferrocene moiety to be more distorted than the ferrocene, reflecting a greater contribution to stabilization of the charge from its higher lying HOMO. Thus, the 4 + cation seems best described as a hybrid of the Fc′′ + )CHsCHdCHsFc and Fc′′sCHdCHs CHdFc + resonance structures, but with the former structure being somewhat more important due to its lower energy. The appropriate mixed-valence analogy is an inherently unsymmetrical class III species (the appropriate potential well diagram is shown in Figure 4c of ref 34) .
The remaining structures are localized. 3b (Figure 6 ) is the first crystallographically characterized Peierls-distorted polymethine. 35, 36 One of the two ruthenocenes (that containing Ru1) is best described as a [(η 6 -fulvene)(η 5 -cyclopentadienyl)ruthenium] + moiety; the values of M1-C R 1, R 1 , and 1 in Table 1 are similar to the corresponding values of previously reported ruthenocenyl carbocation structures (ranges 2.270(3)-2.571(4) Å, 29. 1-42.6°, and 7.1-12.9°, respectively, 15,18,37-39 18, 41 In contrast, the Ru2 ruthenocene has "normal" ruthenocene geometry; the Ru-C Cp distances fall in ranges similar to those for ruthenocene itself (2.181(2)-2.188(2) Å) 42 and for its derivatives such as (E)-1,2-dimethyl-1,2-diruthenocenylethene (2.171(3)-2.216(3) Å). 43 The R-carbon, C13, is very slightly bent away from Ru2 with a very long and, therefore, nonbonded Ru-C R distance. The allylium bridge shows significant BLA; the formally double and single CH-CH bonds differ in length by 0.100(6) Å. The structure can, therefore, be described as ruthenocene and [(η 6 -fulvene)(η 5 -cyclopentadienyl)ruthenium] + moieties linked by an vinylene bridge.
The structure of 5b is isomorphous with that of 3b; the 5 + cation is composed of a "normal" ferrocene with a vinylene bridge to a [(η 6 -fulvene)(η 5 -cyclopentadienyl)ruthenium] unit. Thus, ruthenocene is clearly more effective than ferrocene in stabilizing the positive charge in these systems, in accord with what is known about the stability of simple metallocenyl carbocations, 44 with electrochemical and spectroscopic data (vide infra) and with the previously reported structures of [FcCHRc] + [PF 6 ] -37 and of salts of a mixed iron-ruthenium [1.1]metallocenophane cationic derivative. 37, 38 The main differences from the structure of 3b, apart from the expected differences in the metal-carbon bond lengths in the "normal" metallocene unit, are in the disorder of the hexafluorophosphate counterions. The bond lengths in the allylium bridge of 5b are identical, within experimental error, to the corresponding values for 3b, as is the Ru1-C R bond length.
An important question that arises is whether the unsymmetrical structure of the cation in 3b arises from the influence of crystal-packing effects. The [(η 6 -fulvene)(η 5 -cyclopentadienyl)ruthenium] + moiety of 3b is approached more closely by hexafluorophosphate anions than the "normal" ruthenocene. Is this due to the effect of the unsymmetrical cation on the crystal packing, or does this packing determine the cation symmetry? Evidence for the former hypothesis is provided by comparison of the packing diagrams for 1b and 3b, which are quite similar ( Figure 7) . Moreover, such severe effects of counterion upon polymethines have not previously been reported, 36 although effects of counterion and packing motif upon the intramolecular electron-transfer rate in class II mixed-valence compounds are (33) Reck, G. Angew. Chem., Int. Ed. Engl. 1995, 34, 690-692 ). An even more subtle asymmetry is reported in the structure of the corresponding picrate salt (Dähne, L.; Reck, G. Z. Kristallogr. 1995, 210, 948-951) . This effect is absent with inorganic counterions, even when, as in the [BF4] -salt (Dähne, L.; Grahn, W.; Jones, P. G.; Chrapkowski, A. Z. Kristallogr. 1994, 209, 54-516) , they are unsymmetrically arranged relative to the cations and has, therefore, been attributed to polarization of the polymethine π-system by interactions with the aromatic rings of the anion.
(36) Although one crystal structure of an organic cyanine has been claimed as evidence for unsymmetrical localization (Borowiak, T. E.; Bokii, N. G.; Struchkov, Y. T. Zh. Strukt. Khim. 1972, 13, 480) , Smith has pointed out that the apparent bond-length alternation is insignificant, given the large standard deviations for the relevant interatomic distances (Smith, D. L. Photogr. Sci. Eng. 1974, 18, 309-322 well known. Nevertheless, we further investigated the influence of the counterion by crystallizing the 3 + cation with the weaklycoordinating, delocalized [BAr′ 4 ] -{Ar′ ) 3,5-(CF 3 ) 2 C 6 H 3 } anion. The structure of the 3 + cation in 3c (Figure 8 ) is similar to that in 3b. First, there is a clear BLA of 0.080(14) Å in the allylium bridge (indistinguishable at the 3σ level from that in 3b). Second, only one of the end groups shows distortion toward the η 6 -fulvene structure; although this distortion is a little less severe than that in 3b, with somewhat longer Ru-C R distance and a smaller , these parameters are very close to the range for previously reported ruthenocenyl carbocation structures and and Ru-C R have previously been shown to vary with crystal packing in salts of [RcCH 2 ] +18 and of a mixed iron-ruthenium [1.1]metallocenophane cation. 37, 38 The localized structure of the 3 + cation in both 3b and 3c suggests that the localization is not significantly dependent upon the nature of the counterions.
UV-Visible-NIR Spectroscopy and Orbital Structure. UV-visible-NIR spectra were recorded for the 1,3-di(metallocenyl)allylium salts in a variety of solvents, the use of the [BAr′ 4 ] -ion enabling spectra of the 1 + and 3 + cations to be acquired in some solvents of low polarity. For a given cation, essentially identical spectra were obtained for [BF 4 ] -, [PF 6 ] -, and [BAr′ 4 ] -salts. Our data for 1 + salts were similar to the published data. 27 The UV-visible-NIR spectra of the metallocene-terminated allylium cations (Figure 9 ) resemble the spectra of metallocene-(π-bridge)-acceptor second-order nonlinear optical (NLO) dyes; 45 both classes of compounds show two prominent absorptions, hereafter referred to as the low-energy (LE) and highenergy (HE) absorptions. The orbital structures obtained for 1 + and 3 + cations using DF calculations based upon the crystallographically determined geometries (details of which are given in the Experimental Section) support this analogy. As in the NLO dyes, 46 the highest occupied orbitals are metal d-based orbitals, below which is an orbital (π) composed of an out-ofphase combination of the HOMOs of the cyclopentadienyl and π-bridge fragments (π is the HOMO-6 for a symmetrical structure, where the filled d-orbitals of both metallocenes are higher in energy, and the HOMO-3 for unsymmetrical cations, where the three highest occupied orbitals are all localized on the "normal" metallocene). The LUMO has π* character. Figure 3 ) for 1,3-Di(metallocenyl)allylium Salts a Range of bond lengths within the metallocene. b Distance from metal atom to the allylium carbon R to the metallocene. c Bond length from the allylium carbon R to the metallocene to the -carbon (the central atom of the bridge). d Ring tilt; angle between the planes of the five-membered rings of the metallocene. e Angle between the Cipso-CR bond and the plane of the five-membered ring to which the R-carbon is bound. f Values severely affected by unmodeled disorder (see Experimental Section). Isosurfaces for π and π* of the two ions are shown in Figure  10 ; these are clearly similar to the HOMO-3 and LUMO of the NLO dyes ( Figure 5 of ref 46 ). In the case of the unsymmetrical cation, the LUMO is more localized toward the formally cationic end of the molecule, and the highest π orbital is localized toward the "normal" metallocene end. Nonetheless, Figure 10 shows that the important orbitals do not change very dramatically in form or extent on breaking the symmetry. In analogy with the assignment of the spectra of the NLO dyes, 46 and consistent with our orbital scheme, we assign the LE band of the metallocene allylium species to a metal-to-π* transition and the HE band to a π-to-π* transition.
The assignment is further supported by the differences in the spectra of different metallocene polymethines. Comparing the two absorption maxima of [FcCHFc] + , 19 1 + , and [Fc(CH) 5 Fc] +47 cations shows the energy of the HE band to be more sensitive to chain length, 45 consistent with our assignment, which predicts that the energy of the HE band will depend on the energies of both π (which will be raised by increasing chain length) and π* (which will be lowered), while the LE band should depend on the energies of metal-based d-orbitals (more-or-less unchanged with chain length) and on π*. Moreover, the variation of the energy of the HE band with effective conjugation length closely parallels that for the [Ph(CH) n Ph] + series, as shown in Figure 7 of ref 45. In 2 + , methylation should raise both the filled metal d-orbitals and the highest filled π orbital, consistent with the observed red shifts of both bands. Replacement of Fe by Ru leads to blue shifts of 0.35 and 1.07 eV for the HE and LE bands, respectively. A metal-to-π* band should be more sensitive to metal identity than a π-to-π* band, consistent with our assignment (ruthenocene has a lower energy HOMO than ferrocene 48 ). The shift in the HE band partly reflects some metal contribution to π and π* but will also be affected if, as proposed, 3 + has an unsymmetrical structure.
Since the intervalence charge-transfer spectra of class II and class III mixed-valence compounds show different patterns of solvatochromism, 34 similar differences are anticipated between some absorptions of localized and delocalized polymethines.
Indeed the π-to-π* transition of the compound shown in Figure  1c showed a much stronger variation of ν j max with 1/n 2 -1/D, where n and D are the solvent refractive index and dielectric constant, respectively, than those of shorter homologues. 5 The solvent dependence indicates a decrease or a reversal in dipole moment between ground and excited state; this is due to the greater charge-transfer character of the transition due to localization of the π HOMO toward the quinoidal end of the molecule and of the π* LUMO toward the formally cationic end as shown in Figure 8 of ref 5 (in this respect, the Peierlsdistorted polymethine resembles a donor-acceptor polyene). Similarly, our calculations show that the donor orbitalssboth metal-based and π-basedsand the π* acceptor orbital of an unsymmetrical di(metallocenyl)allylium cation are more localized toward "normal" and formally cationic ends, respectively, than in a symmetrical species and, therefore, that both the metalto-π* and π-to-π* transitions should have more charge-transfer character. The solvent dependence of the spectra of 3 + was, therefore, compared with that of 1 + . Figure 11 compares the variation of both LE and HE maxima for 1 + and 3 + with the polarity of a range of nonhalogenated solvents. 49 The stronger dependence of ν j max with 1/n 2 -1/D clearly supports an unsymmetrical solution structure for 3 + . In addition, it can be seen from Figure 9 that the absorption bands for 3 + and 5 + are somewhat broader than those for 1 + , 2 + , and 4 + , also consistent with class II-like behavior for the first two cations; the unsymmetrical cation in Figure 1c was also reported to show a broader π-to-π* transition than its lower symmetrical homologues. 5 IR Spectroscopy. Infrared spectroscopy of salts of the 1,3-di(metallocenyl)allylium salts reveals a strong band in the range ∼1550-1600 cm -1 (Table 2) , which we assign to a stretching mode of the multiply bonded allylium bridge (neither ruthenocene, the counterions used, nor the [(η 6 -fulvene)(η 5 -cyclopentadienyl)ruthenium] cation 18 shows a band in this region). Despite complications arising from absorption of the laser fundamental, we were also able to observe this band in the Raman spectra of a number of compounds (see Experimental Section). Calculations by Reimers and Hush predict that symmetrical and unsymmetrical (Peierls-distorted) forms of [NH 2 (CH) n NH 2 ] + (n ) 19, 25) have different vibrational frequencies. 50 The insensitivity of the allylium band of the 3 + cation to counterion and to medium suggests that its structure in solution and in its crystalline [BF 4 ] -salt is the same as it is in crystals of its [PF 6 ] -and [BAr′ 4 ] -salts (where the cation is known to be unsymmetrical by X-ray crystallography, vide supra). Moreover, 3 + salts show bands (1584-1603 cm -1 ) at similar frequency to those of the 5 + cation (1596-1599 cm -1 ), which is markedly unsymmetrical in both the crystal structure of its hexafluorophosphate and in solution (according to 1 H NMR spectroscopy, vide infra). The symmetrical 1 + (1548-1560 cm -1 ) and 2 + (1538-1561 cm -1 ) cations show allylium bands significantly lower in frequency than the 3 + and 5 + cations. The formally unsymmetrical 4 + cation (1553-6 cm -1 ) shows a band at similar frequency to the delocalized 1 + and 2 + cations. This is consistent with both crystallographic and NMR data, both of which show considerably less BLA in the allylium bridge of the 4 + cation than in that of the 5 + cation.
NMR Spectroscopy. The three nominally symmetrical allylium cations, 1 + , 2 + , and 3 + , all show room-temperature 1 H and 13 C NMR spectra consistent with symmetrical structures. The observation of a symmetrical solution structure for 3 + is not particularly surprising since the cation is likely to be fluxional on the NMR time scale (which is, of course, much longer than the time scales for electronic and vibrational spectroscopies); the Peierls-distorted polymethine (Figure 1c ) previously reported by Tolbert and Zhao is also symmetrical on the NMR time scale. 5 We attempted to "freeze out" the interconversion between the two alternative unsymmetrical structures of 3 + by recording spectra for 3a in dichloromethaned 2 solution at temperatures down to -85°C (500 MHz for 1 H and 125 MHz for 13 C). Although some chemical shifts changed considerably and some of the resonances corresponding to the ruthenocenyl moieties were very considerably broadened in both 1 H and 13 C spectra, there was relatively little broadening of bridge 1 H and 13 C resonances and the 1 H-1 H coupling constant associated with the allylium bridge was unchanged. This suggests that the process being affected is not the interconversion of the two extreme structures; an alternative possibility is that we are observing slowing of rotation of the ruthenocenyl end groups about the Rc-C R bonds. The failure to observe localization by NMR allows the rate of interconversion between the two extreme structures to be estimated as in excess of 4000 s -1 down to -85°C, corresponding to a barrier of less than 32.3 kJ mol -1 (≡ 0.33 eV ≡ 2700 cm -1 ). 51 The mixed ferrocenyl/ruthenocenyl species, 5 + , appears to have an unsymmetrical bridge according to 1 H-1 H coupling constants (12.2, 14.5 Hz), consistent with the BLA seen in the crystal structure of 5b (vide supra). In the octamethylferrocenyl/ (49) If halogenated solvents are included, considerably more scatter is introduced to the plots for both 1 + and 3 + cations, although the best-fit lines are still steeper for the diruthenium species. In particular, absorption maxima for all our metallocenyl allylium cations are considerably more red-shifted in dichloromethane than might be expected from simple solvent polarity or polarizability parameters. Similar behavior has been observed for charge- ferrocenyl species, 4 + , there is less variation in the bridge 1 H-1 H coupling constants (13.1, 14.2 Hz), consistent with the reduced BLA seen in the structure of 4a and with the infrared data. The 13 C shift of C , the central C of the allylium bridge, δ , is related to the π-charge density, F , at that atom by F ) (δ -δ o )/c, 8,52 where δ o and c are constants (the relationship between δ R and F R will be less straightforward due to the effects of direct interaction with the metal). Comparison of the NMR data for 1 + (δ ) 125.3 ppm) and 3 + (δ ) 119.6 ppm) cations clearly shows less positive charge density in the diruthenium compound, indicating greater stabilization of the positive charge by ruthenocene end groups, consistent with electrochemical data (vide infra). Moreover, the shift for 5 + (120.8 ppm) indicates that most of the extra stabilization effected by ruthenocene can be effected by just one ruthenocene, also consistent with electrochemical data (vide infra) and with a localized structure for the 3 + cation.
Electrochemistry. Cyclic voltammetric data for the bis-(metallocenyl)allylium tetrafluoroborates (1a-5a) are summarized in Table 3 . 53 For each of the diiron cations, 1 + , 2 + , and 4 + , three one-electron redox processes were observed (voltammograms for 2 + are shown in the Supporting Information). The C 2+ /C + couple was observed at positive potential relative to oxidation of the parent metallocene 54 and showed reversibility comparable to that of ferrocenium/ferrocene under the same conditions. Processes at higher and lower potentials are attributed to C 3+ /C 2+ and C + /C couples, respectively; both show characteristic features of EC processes (i.e., those where the electron transfer itself is reversible but where the oxidized species undergoes a chemical reaction on a time scale comparable with that of the electron transfer) and cycling to potentials approaching those for these couples leads to the buildup of features we attribute to decomposition products. 55 The ruthenocene portions of 3 + and 5 + undergo irreversible oxidation, as does ruthenocene itself, 56 while the C + /C features in these compounds resembled those of the diiron cations. The C + /C data allow comparison of the abilities of the various metallocenes to stabilize positive charge. 57 The diruthenocene cation 3 + is 45 mV (in THF) harder to reduce than its diferrocene analogue 1 + , indicating greater stabilization of the positive charge in the former case. There is only a small difference (10 mV in THF) in the ease of reduction of 3 + and 5 + , suggesting that only one ruthenocene can effect most of the charge stabilization, consistent with a localized structure for 3 + . The octamethylferrocene compounds are harder still to reduce, presumably largely due to the inductive effect of the methyl groups.
Summary
We have synthesized and characterized a range of 1,3-di-(metallocenyl) (51) The rate and the barrier were estimated as follows. We assumed the 13 C frequency of the C5H5 of the cationic end of the localized molecule (ν1) will be approximately the same as that of the 5 + cation, while the frequency of the other C5H5 group (ν2) can be estimated by assuming that the value observed for the 3 + cation (νobs) is an average of ν1 and ν2. The rate constant, k, obeys the inequality, k > π(ν1 -ν2)/ 2, while the barrier height, ∆G ‡ , is related to k by, k ) (kBT/h) exp(-∆G ‡ /RT). Similar results are obtained by assuming ν1 and ν2 to be equal to the C5H5 13 (55) When potentials approaching C 3+ /C 2+ were employed, an additional feature was found to grow in at a potential similar to the parent metallocene, its intensity increasing with successive cycles. Similar features are seen when the potential is cycled around C + /C; these features are presumably due to the products of the side reactions associated with C 3+ /C 2+ and C + /C. In the case of 1 + in THF, at least some of the decomposed material was found to be adhering to the working electrode. When the electrodes were removed from the analyte solution, rinsed with fresh solvent, and inserted into fresh THF electrolyte solution, a feature was observed with peak potentials E ox ) +20 mV and Ered ) -20 mV (Eox ) +5 mV and Ered ) -15 mV in CH2Cl2). It was previously shown that reduction of [FcCHFc] + to the radical is followed by dimerization (Tirouflet, J.; Laviron, E.; Moise, C.; Mugnier, Y. J. Organomet. Chem. 1973, 50, 241-6) [PF 6 ] -, 5b, are all markedly unsymmetrical and comprise a [(η 6 -fulvene)-(η 5 -cyclopentadienyl)ruthenium] cation linked by a vinylene bridge to an undistorted metallocene. The structures of 3b and 3c are the first of Peierls-distorted polymethines; i.e., symmetrically substituted species that adopt an unsymmetrical structure with polyene-like bond-length alternation and in which the overall charge is localized on only one of the two end groups. Localization in 3c, despite the noncoordinating delocalized counterion, suggests the asymmetry is due to an inherent property of the cation rather than to crystal-packing effects. Fast time-scale spectroscopic techniques are also consistent with an instantaneously unsymmetrical structure for 3 + in solution; the allylium C-C stretching frequencies are similar for 3 + and 5 + cations and significantly different from those for 1 + , 2 + , and 4 + , and, moreover, the frequencies for 3 + salts are similar in solution and in the solid. The electronic spectrum of 3 + shows broader absorptions, more strongly dependent upon solvent polarity, than that of 1 + , also consistent with a localized solution structure for 3 + . On the (slower) NMR time scale, a symmetrized structure is observed for 3 + .
The behavior of 3 + parallels that of many class II mixedvalence compounds where the apparent delocalization depends on the time scale of the technique used and often varies between solution and the solid state. The difference in behavior between 1 + and 3 + cations can also be rationalized using an analogy with mixed-valence chemistry; localization in the diruthenium compound may be due to a larger reorganization energy in the metallocene/[(η 6 -fulvene)(η 5 -cyclopentadienyl)metal] system for ruthenium than for iron, presumably connected with the greater tendency toward η 6 coordination found for the larger metal. Control of the reorganization energy in this way may be a useful design principle for the synthesis of other charge-localized polymethines. Furthermore, tuning the reorganization energy could be used as a method of controlling the barrier height between the two extreme localized forms of the molecule. In principle, the sense of the bond-length alternation could be reversed by application of an external electric field, leading to a large change in polarization, which could be exploited in optical and electronic applications.
Experimental Details
General Considerations. Elemental analyses were performed by Atlantic Microlab Inc. (Norcross, GA) or by the Inorganic Chemistry Laboratory's Analytical Service. Most NMR spectra were recorded using a General Electric QE-300 spectrometer. Variable-temperature data were acquired using a Varian Unity Plus 500 spectrometer; data are reported for room temperature (∼25°C), unless stated otherwise. UV-visible-NIR spectra were acquired using Hewlett-Packard 8452A spectrometers, a Varian Cary 5E spectrometer, or a GBC Instruments Cintra 10 spectrometer. IR spectra were acquired with a Perkin-Elmer Spectrum 1000 spectrometer; Raman spectra were acquired with a Nicolet Raman 950 instrument, using the 633-nm line of a He/Ne laser at a power of 1 mW. Solid samples were run as either neat powders or mixed with KBr. Cyclic voltammetry was performed under argon on dry tetrahydrofuran or dichloromethane solutions ∼10 -4 M in sample and 0.1 M in [ n Bu4N]
-using a glassy carbon working electrode, a platinum auxiliary electrode, a AgCl/Ag pseudoreference electrode, and a BAS 100B potentiostat. Potentials were referenced by the addition of ferrocene to the cell and are quoted relative to the nearest 5 mV relative to the ferrocenium/ferrocene couple at 0 V. Where necessary, solvents were distilled from calcium hydride (dichloromethane) or sodium benzophenone ketyl (THF, diethyl ether, pentane).
Computational Methods. Single-point calculations were carried out using the Amsterdam Density Functional package (ADF99).
58 The electronic configurations were described by an uncontracted triplebasis set of Slater orbitals, with a single polarization functional added to the main group atoms. The cores were frozen up to 2p for Fe, 3p for Ru, and 1s for C. Relativistic corrections were included using the ZORA formalism. The structures of the cations were taken from those in the crystal structures of 1b and 3b, the bond lengths in the bridge of 1 + being modified from the apparent values from the disordered crystal to chemically reasonable values (CCp-CR, 1.43 Å; CR-C , 1.38 Å, as in the structure of 2b). C-H bond distances were set at 1.09 Å. Energies were calculated using Vosko, Wilk, and Nusair's local exchange correction, 59 with nonlocal exchange corrections by Becke, 60 and nonlocal exchange correlation corrections by Perdew. 61, 62 General Procedure for 1-Metallocenyl-2-bromoethenes, McCHd CHBr. A slurry of KO t Bu (12.5 mmol) in dry THF (100 mL) was added dropwise under nitrogen to a slurry of [Ph3PCH2Br]
-30 (12.5 mol) in dry THF (100 mL) at -78°C. After 1 h, a solution of the appropriate aldehyde (10 mmol) in dry THF (30 mL) was added dropwise. The reaction mixture was allowed to warm to room temperature and stirred at room temperature until the reaction was complete by TLC. Water and diethyl ether (100 mL each) were added, and the layers were separated. The aqueous layer was extracted with more ether (2 × 100 mL); the combined ether extracts were washed with saturated aqueous sodium chloride (2 × 100 mL), dried over magnesium sulfate, filtered, and evaporated under reduced pressure. Purification procedures are given below. The reactions were also carried out on scales of between 3 and 26 mmol.
FcCHdCHBr. The general procedure above was used to synthesize FcCHdCHBr 29 (6.33 g, 21.8 mmol, 84%) from FcCHO (5.56 g, 26.0 mmol); the reaction time was 13 h, and the crude product was purified by dissolving in hexane and passing through a silica plug. FcCHd CHBr (∼1:2 E/Z isomer mixture) was obtained as an orange-red oil, crystallizing after prolonged drying in vacuo: 1 2, 131.3, 102.8, 101.5, 81.9, 79.2, 70.1, 69.6, 69.5, 69.3, 69.2, 66.7; high- 135.8, 131.9, 109.8, 101.0, 81.7, 80.9, 80.8, 80.7, 80.5, 80.1, 79.7, 79.0, 78.9, 77.4, 72.1, 72.0, 11.9, 11.5, 11.2, 10.2, 10.1, 9.6 General Procedure for Synthesis of 1,3-Dimetallocenylprop-1-ene-3-ols, McCHdCHCH(OH)Mc′. A 1-metallocenyl-2-bromoethene (2 mmol) was dissolved in a 1:1:4 mixture of pentane, diethyl ether, and THF (15 mL). The solution was cooled to -98°C (MeOH/liquid N2) and treated with a 1.7 M pentane solution of t BuLi (4 mmol). After 30 min, the reaction was allowed to warm to -78°C over 30 min. The reaction mixture was then treated with a solution of the appropriate metallocenyl aldehyde (2 mmol) in THF (10 mL). After 15 min at -78°C , the reaction mixture was allowed to warm to room temperature over 1 h and treated with water (20 mL) and diethyl ether (20 mL). The layers were separated, and the aqueous layer was extracted with three additional portions of ether. The combined ether extracts were dried over potassium carbonate, filtered, and evaporated under reduced pressure. Since the instability of FcCHdCHCH(OH)Fc with respect to oxidation to FcCHdCHC(O)Fc has previously been noted, 27 and since our octamethylferrocenyl alcohols appear even more unstable, we did not attempt to fully purify and characterize the alcohols. The crude materials were isolated as described below and used without purification in the synthesis of the allylium salts.
FcCHdCHCH(OH)Fc. [25] [26] [27] Crude FcCHdCHCH(OH)Fc 26,27 (912 mg, 2.14 mmol, 46%) was prepared from FcCHdCHBr (1.36 g, 4.68 mmol) andFcCHO (1.00 g, 4.67 mmol) by the general method and obtained as an orange powder in an ∼1:2 E:Z isomer ratio, after recrystallization of the evaporation residue from hot heptane. Its identity was checked using NMR and mass spectroscopy before conversion to salts of General Procedure for Tetrafluoroborate Salts of MetalloceneTerminated Allylium Cations. HBF 4 (1-2 mL, 85% solution in diethyl ether) was freeze-pump-thaw degassed and added dropwise to a deoxygenated solution of the appropriate alcohol precursor (100-200 mg) in a minimum quantity of dry diethyl ether (25-120 mL). The mixture instantly darkened and precipitation occurred. The supernatant was decanted by cannula, and the precipitate was washed with diethyl ether (2 × 25 mL) before drying in vacuo. The salts were crystallized by extraction into dichloromethane (∼20 mL), filtration, and layering with diethyl ether (∼200 mL).
General Procedure for Hexafluorophosphate Salts of Metallocene-Terminated Allylium Cations. Deoxygenated 60% aqueous hexafluorophosphoric acid (1 mL) was added dropwise to a stirred deoxygenated solution of the appropriate alcohol (0.5 mmol) in THF; the mixture instantly darkened. After 15 min, deoxygenated water (75 mL) was added, affording a dark precipitate. The precipitate was allowed to settle, and the supernatant was removed by cannula. The solids were washed with water (2 × 75 mL) and dried in vacuo, before extraction into dichloromethane (∼20 mL), filtration, and crystallization by layering with diethyl ether (∼200 mL).
[Fc(CH) 3Fc] + [BF4] -27 (1a). Pure 1a (80 mg, 0.16 mmol, 70%) was obtained by the general procedure from the corresponding crude alcohol (100 mg, 0.23 mmol): 1 H NMR (300 MHz, dichloromethane-d2) δ 8.39 (d, J ) 13.4 Hz, 2H), 6.49 (t, J ) 13.4 Hz, 1H), 5.59 (apparent s, 4H), 5.05 (apparent s, 4H), 4.51 (s, 10H); 13 C NMR (75 MHz, 125.3, 87.5, 83.5, 76.3, 74.0; highresolution mg, 0.53 mmol) using the general method: IR (KBr) 3115, 1558 (vs), 1449 (s), 1409, 1374, 1284, 1225 (s), 1161, 1106, 1056, 982, 828 (vs) Table 4 ). Details of the crystal data, data collection, and structure solutions and refinements are given in Table 4 ; additional details available as Supporting Information in the case of 2b, 3c, 4a, and 5b, while the Supporting Information for ref 28 gives full details for the structures of 1b and 3b. The two largest difference peaks in the refined structure of 1b indicate disorder, whereby the cations can adopt two alternative orientations that are related to one another by an approximate reflection in a plane perpendicular to the plane of the allylium bridge and passing through both Fe atoms. This type of disorder was previously seen in a number of other polymethine structures, for example, in that of [Me 2N(CH) 
. 70 However, in our case, one of the orientations is clearly much less important than the other (∼1:9); we were not able to adequately model the disorder, and so no disorder is included in the resulting structure. However, a number of anomalous bond lengths and angles in the structure reflect the presence of unmodeled disorder. In the structure of 3c, two of the largest difference peaks possibly relate to an alternative orientation of the allylium bridge similar to that in 1b; again the disorder was not modeled, but here there are no unusual bond lengths arising from the unmodeled disorder. Some of the CF 3 groups of the anion in 3c were modeled, using restraints, as rotationally disordered. In the structures of both 3b and 5b, the hexafluophosphate anions occupy two different Wyckoff sites; at both sites there is orientational disorder, which was successfully modeled as two distinct orientations on each site. For each site, the ratios between the two orientations are slightly different in the two structures. Difference maps, as well as the final goodness of fit, for the structure of 4a indicate some disorder associated with the tetrafluoroborate anion; however, we could not develop a chemically reasonable model for this disorder and, therefore, treated it as an ordered group in the refinement. Further details of the structures are given in the Supporting information.
